Published online 26 February 2011 



Nucleic Acids Research, 2011, Vol. 39, No. 12 5181-5192 

doi:10.1093/nar/gkrl05 



Elimination of a group II intron from a plastid 
gene causes a mutant phenotype 

Kerstin Petersen, Mark A. Schottler, Daniel Karcher, Wolfram Thiele and Ralph Bock* 

Max-Planck-lnstitut fur Molekulare Pflanzenphysiologie, Am Muhlenberg 1, D-14476 Potsdam-Golm, Germany 

Received December 15, 2010; Revised January 24, 2011; Accepted February 8, 2011 



ABSTRACT 

Group II introns are found in bacteria and cell organ- 
elles (plastids, mitochondria) and are thought to 
represent the evolutionary ancestors of splice- 
osomal introns. It is generally believed that group 
II introns are selfish genetic elements that do not 
have any function. Here, we have scrutinized this 
assumption by analyzing two group II introns that 
interrupt a plastid gene [ycf3) involved in photo- 
system assembly. Using stable transformation 
of the plastid genome, we have generated mu- 
tant plants that lack either intron 1 or intron 2 or 
both. Interestingly, the deletion of intron 1 caused 
a strong mutant phenotype. We show that the 
mutants are deficient in photosystem I and that 
this deficiency is directly related to impaired yc/3 
function. We further show that, upon deletion of 
intron 1, the splicing of intron 2 is strongly inhibited. 
Our data demonstrate that (i) the loss of a group II 
intron is not necessarily phenotypically neutral and 
(ii) the splicing of one intron can depend on the 
presence of another. 

INTRODUCTION 

Expression of a number of genes in plant mitochondria 
and plastids (chloroplasts) is dependent on removal of 
intervening sequences (introns) that interrupt the coding 
sequences. Intron excision from the primary tran- 
script by splicing represents a prerequisite for translation 
of the messenger RNA (mRNA) into the correct full- 
length protein. The vast majority of introns in the 
organellar genomes of seed plants are so-called group II 
introns (1,2), but a few group I introns have also been 
found (3-5). Both group I and group II introns repre- 
sent catalytically active RNAs (ribozymes) and are often 
also referred to as self-splicing introns (6-10). At least 
some group I (6,8) and group II (11,12) introns 
have the ability to undergo self-splicing in vitro in the 
absence of any help from protein factors. However, this 



appears not to be the case for most, if not all, group II 
introns in the organellar genomes of vascular plants. 
Their splicing seems to be strictly dependent on the assist- 
ance of proteinaceous splicing factors (13-15). Most 
splicing factors for group II introns in plant organellar 
genomes are encoded in the nuclear genome and post- 
translationally imported into plastids or mitochon- 
dria (14,16-21). However, a few splicing factors, also 
called intron maturases, are encoded by the plastid or 
mitochondrial genomes themselves (22,23). Typically, 
these maturase ORFs reside within intronic sequences 
suggesting that the splicing factor is produced by transla- 
tion of the excised intron. In addition to their splicing 
activity, some group II introns behave as mobile gen- 
etic elements and are capable of inserting themselves 
into intron-less alleles, a process referred to as intron 
homing (24). 

Group II introns adopt a typical six-domain secondary 
structure (1,25,26,10) and one assumed function of 
splicing factors is to help fold the intron RNA into the 
catalytically active secondary and tertiary structures. 
Splicing involves two sequential transesterification reac- 
tions. First, the 2'OH group of the branch-point nucleo- 
tide in domain VI performs a nucleophilic attack on the 5' 
splice site forming a circular RNA intermediate called the 
'lariat'. Subsequently, the free 3'OH group of the released 
5' exon performs a nucleophilic attack at the 3' splice site 
resulting in exon ligation and release of the intron lariat. 
This chemical mechanism is conserved in the splicing of 
spliceosomal introns present in the nuclear genomes of all 
eukaryotes and, therefore, group II introns are thought to 
represent the evolutionary ancestors of spliceosomal 
introns (27,28). 

Group II introns are considered to be selfish genetic 
elements that have no other function besides their own 
removal from the pre-mRNA. Here we show that this as- 
sumption is not generally correct. We demonstrate that 
elimination of a group II intron from a plastid (chloro- 
plast) gene is associated with a severe decline in plant 
fitness. Our finding that at least some group II introns 
have a selective value has important implications for the 
origin and maintenance of introns in evolution. 
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MATERIALS AND METHODS 

Plant material and growth conditions 

Tobacco plants {Nicotiana tabacum cv. Petit Havana) were 
grown under aseptic conditions on agar-solidified 
Murashige and Skoog medium containing 30 g/1 sucrose 
(29). Transplastomic lines were rooted and propagated on 
the same medium. For seed production and analysis of 
plant phenotypes, transplastomic and wild-type plants 
were grown in soil under standard greenhouse conditions. 
Seedling phenotypes were analyzed by germination of 
surface-sterilized seeds on Murashige and Skoog medium 
containing 500mg/l spectinomycin. Growth tests were 
performed by raising wild-type and mutant plants from 
seeds in soil at 26° C under light intensities ranging from 
30nEm" 2 s -1 to 1000 uE m" 2 s _1 (photoperiod: 16 h light, 
8 h dark). To assess chilling tolerance, seeds were germi- 
nated in soil and grown for 21 days at 26°C, before they 
were transferred to 10°C and further cultivated under a 
light intensity of 150uE m~ 2 s _1 . 

Construction of plastid transformation vectors 

A 6.6-kb EcoRI/XhoI restriction fragment from a previ- 
ously constructed vector containing the aadA marker gene 
and a FLAG-tagged yc/3 (30,31) was cloned into a simi- 
larly cut pMCS5-derived vector (MoBiTec GmbH, 
Gottingen, Germany), in which a 1-kb EcoRI/MluI 
fragment had been integrated to extend the homologous 
region upstream of ycf3, generating plasmid pKMP21. 
To modify the ycf3 coding region, a jc/5-containing 
2.5-kb EcoRI/SacI fragment was cloned into a 
pBluescript II KS(+) vector (Stratagene). Intron-free frag- 
ments of ycf3 were obtained via polymerase chain 
reaction (PCR) with primer pairs PexlEcoRIfor (5'-GCC 
GCGAATTCTAGAATGGA-3')/Pex2XcmIrev (5'-TCC 
ACACAAGTAATGGAGAACA-3') for the A intron 1 
construct, Pex2XcmIfor (5'-TGTTCTCCATTACTTGT 
GTGGA-3')/Pex3BsmBIrev (5'-TAGAAACGTCTCGT 
GATCTTCAA-3') for the A intron 2 construct, and 
PexlEcoRIfor / Pex3BsmBIrev for the A intron 1+2 con- 
struct using complementary DNA (cDNA) as template. 
The purified PCR products were first cloned into a TOPO 
vector (pCR 2.1 -TOPO, Invitrogen). The A intron 1 and A 
intron 2 fragments were then used to replace the wild-type 
ycf3 allele in the pBluescript clone using the restriction 
sites introduced with the PCR primers and finally 
integrated into pKMP21 as BsmBI/EcoRI fragments. The 
A intron 1+2 fragment was directly transferred from the 
TOPO vector into pKMP21 as BsmBI/EcoRI fragment. 
Correctness of the cloning procedures was verified by 
DNA sequencing. 

Plastid transformation and selection of homoplasmic 
transplastomic tobacco lines 

Young leaves from aseptically grown tobacco plants were 
bombarded with plasmid-coated 0.6 um gold particles 
using a PDSlOOOHe Biolistic gun (Bio-Rad). Primary 
spectinomycin-resistant lines were selected on regen- 
eration medium containing 500mg/l spectinomycin (32). 
Spontaneous spectinomycin-resistant plants were 



eliminated by double selection on medium containing 
spectinomycin and streptomycin (500mg/l each). For 
each transformation construct, several independent trans- 
plastomic lines were subjected to two to three additional 
rounds of regeneration on spectinomycin-containing 
medium to enrich the transplastome and select for 
homoplasmic tissue. 

Isolation of nucleic acids and hybridization procedures 

Total plant DNA was isolated from fresh leaf tissue by a 
rapid cetyltrimethylammoniumbromide-based mini-prep 
procedure (33). RNA was extracted using the peqGOLD 
TriFast™ reagent (Peqlab, Erlangen, Germany) accord- 
ing to the manufacturer's protocol. For Southern blot 
analysis, DNA samples (5 ug total DNA) were digested 
with the restriction enzymes Kpnl and SacI, separated 
by gel electrophoresis in 1 % agarose gels, and transferred 
onto Hybond XL membranes (GE Healthcare) by capil- 
lary blotting using standard protocols. A 479-bp PCR 
product generated by amplification of the psaA coding 
region using primers PK52psaA (5'-CCAGTTGAGATG 
GGATATGATTG-3') and P18psaA (5'-CAGTAACTGG 
GGGTCTGTGG-3') and an 895-bp PCR product gene- 
rated by amplification of the non-coding region upstream 
of vcf3 using primers P5'ycf3UTR (5'-TTTGTTGTTGA 
GAACTCCAAAACC-3') and P3'rps4 (5'-GGGTCGGT 
TTGAAAATAAATGA-3') were used as RFLP probes 
to verify chloroplast transformation. Total cellular RNA 
samples (3.5 ug total RNA) were electrophoresed in 
formaldehyde-containing 1% agarose gels and blotted 
onto Hybond XL membranes. Probes for detection of 
intron 1 (Pycfiintronlfor: 5'-CCTCGATTAATGCAAC 
CTC-3'; PycOintronlrev: 5' -TCC AGG A ATTAGTC AC 
TTC-3') or intron 2 (Pycf3intron2for: 5'-ACCTCATAC 
GGCTCAGCAG-3'; Pycf3intron2rev: 5'-CCGTAAAGA 
TCAATTAGCGAG-3') containing transcripts and for 
ndhA (PndhAforExl: 5'-GAAGTCTATGGGATCATAT 
GGATGC-3'; PndhArevExl: 5'-TGATTGAGCAGCTG 
CCCGTAGACC-3') were generated by amplification of 
the corresponding DNA sequences. An rpsl2 probe 
covering all three exons was obtained by PCR amplifica- 
tion with primer pair P184 (5' -CGGTTAGGATC AATCT 
AAACCAACCC-3') and PI 85 (5'-GAGCGTGAAAGG 
GGTTCAAGAATC-3') using cDNA as template. PCR- 
generated probes were purified by agarose gel electrophor- 
esis following extraction of the DNA fragments of interest 
from excised gel slices using the Nucleospin Extract II kit 
(Macherey-Nagel) and radiolabeled with a- 32 P-dCTP 
using the MegaPrime kit (GE Healthcare). 5'end-labeling 
of single-stranded oligonucleotides with polynucleotide 
kinase (PNK) was done by incubation (30min at 37°C) 
of lOpmol oligonucleotide, 30 uCu y- 32 P-ATP and 5 U T4 
PNK. Oligonucleotides for end-labeling were derived from 
ycf3 exon 1 (5'-CTCTGTAATAGGTAAATGCCTCTTT 
TTCTCCTGAAGTTGTCGGAATTACTCGTAATAA 
GATATTGGCTACAATTGAAAAGGTCTTATCAAT 
AAAATTTCCATTTATCCGTGATCTAGGC-3'), yc/3 
exon 2 (5'-GCCCTATATTATAGAGTATATAACTTC 
GATCATAGGGATCAATTTCTAGTCGCATAGCTT 
CATAATAATTCTGCAAAGCTTCCGCGTAATTTC 
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CTTCGGATTGAGCCGAC-3'), and atpF exon 2 (5'-GG 
TACGTAAATGTAACTCGTTGTTCAAACAACTAT 
TCAGAGTTCCTAGAGCTCCTCGTAAGGC-3'). 
Hybridizations were performed for 4-12 h at 65°C accord- 
ing to standard protocols. 

cDNA synthesis and PCR 

Two micrograms total leaf RNA was reverse transcribed 
using random hexanucleotide primer and Superscript III 
reverse transcriptase (Invitrogen) according to the manu- 
facturer's protocol. The resulting cDNA templates were 
amplified according to standard PCR protocols (30 s at 
94°C, 30 s at 54°C, 45 s at 72°C; 27 cycles). Primers for 
semiquantitative RT-PCR analyses were: Pycf3Elfor (5'-C 
CTAGATCACGGATAAATGGA-3'); Pycf3E2rev (5'-T 
TCGATCATAGGGATCAATTTC-3'); Pycf3E2for (5'-T 
CGAGCACTAGAACGAAACC-3'); Pycf3E3rev (5'-AC 
GTCTCGTGATCTTCAACC-3'); Prpl2for (5'-CGTAA 
CCATAGAATACGACC-3'); Prpl2rev (5'-GCTGCTCT 
AGCTAATTGTCC-3')- 

Thylakoid isolation and immunoblot analyses 

To detect the FLAG-tagged Ycf3 protein, thylakoid 
proteins from wild-type and transplastomic plants were 
isolated from total leaf material using published proced- 
ures (34). Equal amounts of thylakoid proteins were elec- 
trophoretically separated in 15% sodium dodecyl sulfate 
(SDS)-polyacrylamide gels and transferred to Hybond-P 
polyvinylidene fluoride (PVDF) membranes (GE 
Healthcare) using the Trans-Blot Cell (BioRad) and a 
standard transfer buffer (192mM glycine, 25 mM Tris 
pH 8.3). Immunoblot detection was performed with 
anti-FLAG M2 monoclonal antibody (F3165, Sigma- 
Aldrich) using the enhanced chemiluminescence system 
(ECL® PLUS system; GE Healthcare). 

Physiological measurements 

Chlorophyll contents were determined in 80% (v/v) 
acetone (35). Chlorophyll fluorescence was recorded with 
a pulse-amplitude modulated fluorimeter (Dual-PAM- 
100; Heinz Walz, Effeltrich, Germany) on intact plants 
(grown under either 30 uE m~ 2 s _1 or 1000 uE m- 2 s _1 ) 
at room temperature after dark adaptation. The chloro- 
phyll-a fluorescence parameter qL was calculated based on 
a lake model for PSII-LHCII (36). The contents of photo- 
system II (PSII), the cytochrome b 6 f complex (cyt b 6 f), 
plastocyanin (PC) and photosystem I (PSI) were 
determined in thylakoids prepared as described previously 
(37). Contents of PSI, PSII, PC and cyt b 6 f were deter- 
mined by difference absorption spectroscopy as described 
in detail previously (38,39). 

RESULTS 

Elimination of introns from the plastid ycf3 gene 

The ycf3 gene is present in the plastid (chloroplast) 
genome of green algae and all vascular plants and 
encodes an essential assembly factor for photosystem I 
(PSI;30). Its reading frame is interrupted by two group 



II introns, whose removal is essential for synthesis of a 
functional Ycf3 polypeptide and thus for photosynthetic 
activity. The introns do not contain a reading frame for an 
intron maturase (splicing factor) as some other group II 
introns in plant organellar genomes do (40). 

To test if the introns have any function besides their 
own removal from the pre-mRNA, we constructed three 
intron deletion alleles of ycf3 (Figure 1A): an allele lacking 
intron 1 (A intron 1), an allele lacking intron 2 (A intron 
2) and an allele lacking both introns (A intron 1+2). The 
mutant alleles were linked to a selectable marker gene for 
plastid transformation (aadA) and, as a control, an add- 
itional construct carrying the aadA and the wild-type ycf3 
allele (aadA control; Figure 1A) was generated. To facili- 
tate immunological detection of the Ycf3 protein, the 
sequence for a C-terminal FLAG epitope tag was fused 
to the ycf3 gene. Previous work has shown that tethering 
the FLAG sequence to the C-terminus of Ycf3 is pheno- 
typically neutral and does not alter YcD function or sta- 
bility (31). 

All four constructs were introduced into tobacco plants 
by stable transformation of the chloroplast genome (32). 
Transgene integration into the plastid genome by homolo- 
gous recombination was confirmed by DNA gel blot 
analyses (Figure IB) and homoplasmy (i.e. the absence 
of residual wild-type copies of the highly polyploid 
plastid genome) was additionally confirmed by inheritance 
assays (Figure 1C; 32,41). For each construct, two inde- 
pendently generated plastid-transformed (transplastomic) 
lines were selected for in-depth analysis. To exclude the 
presence of secondary mutations, all transformation 
vectors and the manipulated region in the plastid 
genomes of the transplastomic lines were resequenced. 

Mutant phenotype of transplastomic plants lacking 
ycf3 intron 1 

For phenotypic analysis, transplastomic plants and control 
plants were raised from seeds and grown side by side in a 
controlled-environment chamber. Surprisingly, plants 
lacking yc/3 intron 1 (A intron 1) displayed a pronounced 
mutant phenotype (Figure 2A). Compared to the wild 
type and all other transplastomic lines, they were 
strongly retarded in growth and had light-green leaves, 
suggesting that the A intron 1 plants are impaired in 
photosynthesis. In contrast, none of the A intron 2 and 
A intron 1+2 lines showed any discernable phenotype. 
Interestingly, the phenotype of the A intron 1 mutants 
was much less pronounced under high-light conditions 
(Figure 2B), indicating that the presence of intron 1 is 
especially beneficial, when light availability limits plant 
growth. 

To characterize the physiological basis of the mutant 
phenotype of the A intron 1 plants, chlorophyll content, 
photosynthetic electron transport and the contents of the 
components of the photosynthetic electron transport 
chain (photosystem II: PSII, cytochrome b 6 f complex: 
cyt b 6 f, plastocyanin: PC, photosystem I: PSI) were 
determined (Table 1; Figure 3). A Intron 1 mutants 
grown under low-light conditions reached only ~70% of 
the chlorophyll content of the control plants, explaining 
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Figure 1. Elimination of introns from the chloroplast ycj'3 gene. (A) Physical map of the jc/3-containing region in the tobacco plastid genome 
(Nt-ptDNA) and the four plastid transformation vectors constructed in this study. Genes above the line are transcribed from the left to the right, 
genes below the line are transcribed in the opposite direction, ycj'3 exons are shown as gray boxes, introns as open boxes. Relevant restriction sites, 
hybridization probes and sizes of DNA fragments appearing in RFLP analyses are indicated. (B) RFLP analysis of transplastomic lines. Fragment 
sizes are given in kilobasepairs and correspond exactly to the expected sizes [cf. (A)]. Two independently generated transplastomic lines are shown for 
each construct. (C) Seed assays confirming homoplasmy of the transplastomic lines and maternal inheritance of the plastid-encoded spectinomycin 
resistance conferred by the aadA transgene. Seeds were germinated on medium containing 500 ug/ml spectinomycin. 
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Figure 2. Plienotypes of transplastomic plants. (A) Phenotype under low-light conditions (30 uE m~ 2 s~'). (B) Phenotype under high-light conditions 
(1000 uE m~ 2 s~'). Note the less pronounced phenotype of the A intron 1 mutant, which is solely visible by a slightly delayed development and 
senescence (i.e. a darker color of the old leaves). 



Table 1. Photosynthetic parameters of ycf'3 intron deletion mutants grown at low-light conditions (30 uE m 2 s ; upper part) or high-light condi- 
tions (1000 uE m~ 2 s~'; lower part) 



Parameter 


Wild type 


aadA control 


A Intron 1 


A Intron 2 


A Intron 1+2 




Chlorophyll per leaf area (mgm~ 2 ) 


209.2 ± 9.7 


221.5 ± 18.7 


142.6 ± 9.1 


208.2 ± 13.3 


210.5 ± 24.8 


30uEirT 2 s~' 


Leaf absorbance (%) 


77.1 ± 1.1 


77.8 ± 2.4 


73.0 ± 2.8 


79.5 ± 2.0 


78.6 ± 2.9 




F\/F M 


0.80 ± 0.01 


0.79 ± 0.01 


0.74 ± 0.04 


0.78 ± 0.01 


0.78 ± 0.01 




Chlorophyll/leaf area (mgm~ 2 ) 


421.9 ± 59.5 


447.2 ± 34.9 


346.1 ± 32.7 


438.7 ± 18.7 


416.1 ± 32.1 


1000 nEm" 2 s _l 


Leaf absorbance (%) 


89.0 ± 1.6 


88.5 ± 1.3 


86.5 ± 1.4 


88.0 ± 1.4 


88.5 ± 1.3 






0.77 ± 0.02 


0.77 ± 0.02 


0.75 ± 0.01 


0.77 ± 0.01 


0.76 ± 0.03 





The values represent averages from at least five independent measurements ± standard deviation. Fs//F M : maximum quantum efficiency of PSII. 



their light-green phenotype (Table 1; Figure 2A). 
Moreover, strongly increased non-photochemical quench- 
ing (qN) already at low light intensities (Figure 3A) sug- 
gested impaired photochemistry in A intron 1 mutants. 
Determination of the chlorophyll fluorescence parameter 
qL (correlating with the fraction of PSII reaction centers 
that are 'open', 36) in dependence on the light intensity 
revealed that, already at low light intensities, the qL values 



in the A intron 1 mutants were drastically reduced 
compared to the wild type and the two other intron dele- 
tions (Figure 3B), indicating strong overreduction of the 
PSII acceptor side and pointing to a deficiency in one of 
the downstream components of the electron transport 
chain. As expected, the differences in qN and qL 
between the A intron 1 mutant and the wild type were 
less pronounced in plants grown under low-light 
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Figure 3. Analysis of photosynthesis in ycf3 intron deletion mutants and control plants. Data sets are shown for plants grown under high-light 
conditions (1000 uE m s~ ; left panels) and plants grown under low-light conditions (30 uE m s™ ; right panels). The values represent averages 
from five independent measurements/thylakoid isolations per plant line (± standard deviation). (A) Measurement of non-photochemical quenching 
(qN) in dependence on the light intensity. (B) Measurement of the photochemical quenching parameter qL. (C) Quantitation of the components of 
the photosynthetic electron transport chain by difference absorption spectroscopy. Data were subjected to one-way analysis of variance (ANOVA) 
using a pair-wise multiple comparison procedure (Holm-Sidak method) in SigmaPlot. Highly significant differences in PSI contents between the A 
intron 1 mutant and all other plants were observed in both high light and low light (P < 0.001; indicated by asterisks). 



conditions (Figure 3A and B), due to the earlier saturation 
of the electron transport system in plants adapted to low 
light intensities. 

Next, we determined the contents of the components of 
the photosynthetic electron transport chain by spectro- 
scopic methods (39,42). Interestingly, the A intron 1 
mutants displayed a specific reduction in PSI contents 
(Figure 3C), raising the possibility that the mutant pheno- 
type is directly related to ycf'3 gene function. Consistent 
with their more severe phenotype, the reduced PSI accu- 
mulation in the A intron 1 mutants was even more 



pronounced in low light-grown plants than in high-light 
grown plants (Figure 3C). 

Defective splicing of ycf3 intron 2 in the absence of 
intron 1 

To test if lack of intron 1 affects ycf3 transcript processing 
or mRNA accumulation, we performed RNA gel blot ex- 
periments. Interestingly, hybridizations to ycf3 exon- 
specific probes revealed that, in the A intron 1 mutants, 
the mature 0.7-kb ycf3 transcript was hardly detectable 
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and, instead, the mutants accumulated a larger transcript 
of ~1.5kb (Figure 4). This larger RNA species corres- 
ponds in size to an unspliced precursor that contains 
intron 2. To test the idea that lack of intron 1 prevents 
splicing of intron 2, hybridizations with intron-specific 
probes were conducted. The results confirmed that the A 
intron 1 mutants accumulate the intron 2-containing pre- 
cursor but not the excised intron 2 and, thus, are defective 
in intron 2 splicing (Figure 4). The splicing defect was not 
dependent on the light intensity (Figure 4A and B). This, 
however, does not contradict the light-dependent pheno- 
type of the mutant plants, because a more severe growth 
phenotype under low-light conditions is a general property 
of PSI-deficient mutants (Dominika Bednarczyk,R.B. and 



M.A.S., manuscript in preparation). Consequently, the 
phenotypic difference in dependence on the light intensity 
(Figure 4) is not related to any difference in splicing effi- 
ciency, but is solely due to similar reductions in photosys- 
tem I levels causing stronger phenotypes in low light than 
in high light 

As complete lack of intron 2 excision should be equiva- 
lent to a yc/3 knock-out, which would be incapable of 
photoautotrophic growth (30), we suspected that low 
levels of spliced yc/3 mRNA accumulate in A intron 1 
mutants. To confirm this assumption, we used a sensitive 
semiquantitative RT-PCR assay, in which amplification of 
the small spliced cDNA product is strongly favored over 
the amplification of large unspliced molecules. The results 
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Figure 4. Analysis of RNA accumulation and processing patterns of ycfS in intron deletion mutants and control plants. Northern blots (from 
denaturing 1% agarose gels) were hybridized to the specific exon or intron probes indicated at the left or right of each autoradiograph. Two 



independently generated transplastomic lines are shown for each construct. (A) Analysis of plants grown under low-light conditions (30 uE m 



The various RNA species accumulating are indicated by the symbols in the middle. Gray boxes denote ycf'3 exons, open boxes introns, the black box 
represents the aadA (present in dicistronic transcripts originating from read-through transcription; 30) and the curved box indicates the lariat 
intermediate in group II intron splicing; 1). Note that the circularized intermediate resulting from the first transesterification reaction is detectable 
for intron 1 but not for intron 2, suggesting that in intron 2 splicing, the second transesterification reaction follows more rapidly than in intron 1 



splicing. (B) Analysis of intron 2 splicing in plants grown under high-light conditions (1000 uE m 



')• 
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demonstrated that indeed some spliced ycf3 mRNA accu- 
mulates in the A intron 1 mutants (Figure 5A). Control 
amplifications with rpl2, another plastid gene containing a 
group II intron, showed that the splicing defect was 
specific for ycf3 intron 2 (Figure 5A), a conclusion that 
was further corroborated by the analysis of three addition- 
al intron-containing genes by northern blotting: atpF, 
ndhA and rpsl2 (Figure 5B). 

YcO protein deficiency and stress sensitivity of plants 
lacking ycf3 intron 1 

We next wanted to confirm the significance of inhibited 
intron 2 splicing in A intron 1 mutants at the protein level. 
To this end, we used a monoclonal anti-FLAG antibody 
and determined the amount of Ycf3 protein accumulating 
in the mutants. The data revealed that A intron 1 mutants 
accumulate only approximately half the amount of Ycf3 
as all other transplastomic lines (Figure 5C). The effect on 
Ycf3 protein accumulation was much less severe than 
what could be expected from the strong reduction in 



mature ycf3 mRNA (Figures 4 and 5A), confirming previ- 
ous reports that, in plastids, translational regulation can 
largely override changes in mRNA levels (43). Recent 
work has revealed that the Ycf3 protein acts in a protein 
complex that plays a crucial role in PSI assembly. 
Knockdown of the expression of an essential component 
of this assembly complex to 20-30% of wild-type levels 
resulted in a similarly strong decline in PSI accumula- 
tion (31), suggesting that the observed YcO deficiency 
(Figure 5C) is sufficiently severe to explain the phenotype 
of the A intron 1 mutants. 

To ultimately confirm the specific PSI deficiency in A 
intron 1 plants, we performed PSI photoinhibition experi- 
ments in the cold. Chilling stress is known to cause photo- 
inhibitory damage to PSI (44^16), presumably caused 
by inhibited superoxide dismutase (SOD) function. 
Insufficient SOD activity leads to overaccumulation of 
the reactive oxygen species that are generated as by- 
products of PSI activity, which in turn causes irreversible 
photooxidative damage in PSI. Therefore, reduced 




Figure 5. Analysis of splicing of intron-containing plastid transcripts and YcB protein accumulation in ycf3 intron deletion mutants. (A) 
Semiquantitative RT-PCR assays to detect low-level ycj'3 intron 2 splicing in A intron 1 mutants. Two independently generated transplastomic 
lines are shown for each construct. cDNA from the intron-containing rpl2 gene was amplified as a control. The specific primers used for RT-PCR are 
indicated at the left (Ex: exon), sizes of amplification product are given at the right. (B) Analysis of group II intron splicing in the atpF, ndhA and 
rpsl2 transcripts by northern blotting. Major spliced RNA species are labeled (with the cistrons they contain) at the right. Note that the mature rpsl2 
mRNA is assembled from three exons (two of which are joined by fran.s-splicing). (C) Reduced accumulation of the Ycf3 protein in A intron 1 
mutants. The FLAG-tagged Ycf3 proteins in the transplastomic lines are detected with a monoclonal anti-FLAG antibody. For quantitative 
comparison, a dilution series of the protein from an aadA control plant is shown (loaded amounts of thylakoid proteins given in ug chlorophyll 
per lane). The upper cross-reacting band is likely to represent a light-harvesting complex protein and can serve as an additional loading control. 
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amounts of PSI should lead to increased sensitivity to 
chilling stress. Indeed, when grown under chilling stress 
at 10°C, A intron 1 plants bleached out and the develop- 
ing leaves nearly fully lost their pigmentation (Figure 6), 
whereas the old leaves (that had already a fully assembled 
photosynthetic apparatus prior to cold exposure) were 
much less affected. 

A model for dependence of intron 2 excision on intron 1 

How can lack of a group II intron inhibit the splicing of 
another, distantly located, intron? The two ycf3 introns 
are separated by an exon of 230 nt. m-splicing of group 
II introns is dependent on the typical six-domain second- 
ary structure of the intron and a few adjacent exonic nu- 
cleotides, but does not require distant sequence elements 
(1,2). We, therefore, considered the conceivable possibility 
that the lack of intron 1 interferes with the proper folding 
of intron 2, for example, by inducing the formation of an 
aberrant secondary structure. If this were the case, the 
disruptive activity should come from the sequence at the 
junction between exon 1 and exon 2, because this is the 
only sequence motif not present in the intron 1 -containing 
(wild-type) ycf3 allele. When we searched for comple- 
mentarities between the junction sequence and sequences 
in intron 2, we discovered a 6-nt perfect match with a 
sequence motif in intron domain I (Figure 7). Such rela- 
tively short complementarities are known to be sufficient 
for long-range base pairing between sequences located 
on the same RNA molecule (47). Base pairing between 
the exon junction sequence and the bulge in domain I of 
intron 2 would disrupt the essential tertiary inter- 
action, a long-range non- Watson-Crick interaction 
between the GAAA tetraloop in domain V (£') and the L, 
bulge in domain I (Figure 7; 48,49). We, therefore, 
propose that intron 1 is required to prevent masking of 
the £ motif in intron 2. 

DISCUSSION 

In this work, we have tested the idea that group II introns 
can be required for fitness and are maintained by selective 
pressure. We have shown that, while deletion of one intron 
(intron 2) from the plastid gene yc/3 has no apparent effect 
on plant growth and photosynthetic performance, elimin- 
ation of another intron (intron 1) had severe consequences 
for fitness, which were especially pronounced under low 



light (Figure 2) and under cold stress conditions 
(Figure 6). As the stability of RNA secondary structures 
can change with temperature and, moreover, the efficiency 
of group II intron splicing can be dependent on the growth 
temperature (50,51), it seems conceivable that the aberrant 
secondary structure of intron 2 in the A intron 1 plants 
(Figure 7) is even more stable under chilling stress condi- 
tions, thus additionally contributing to the severity of the 
phenotype in the cold. However, although our model 
provides a plausible mechanistic explanation for the de- 
pendence of efficient intron 2 removal on the presence of 
intron 1, we currently cannot definitively rule out the al- 
ternative explanations that (i) a sequence in intron 1 exerts 
a positive effect on intron 2 splicing or (ii) the negative 
effect on intron 2 splicing in the absence of intron 1 comes 
from a different interaction (with other RNA sequences or 
with proteins, such as the LAGLIDADG-type PPR 
protein OTP51 shown to be involved in ycf3 splicing; 21). 

Interestingly, deletion of both introns abrogated the 
negative effect of the absence of intron 1, suggesting that 
the combined loss of both introns could be phenotypically 
neutral. The loss of the mutant phenotype upon additional 
elimination of intron 2 supports our model of intron 1 
function in intron 2 splicing (Figure 7). It also suggests 
that the correct folding of group II introns may be more 
sensitive to changes in remote RNA sequences than pre- 
viously recognized. This could pose serious restrictions on 
the spreading of group II introns in organellar and bac- 
terial genomes and may in part explain, why spliceosomal 
introns, which are considerably less dependent upon RNA 
folding, have been much more successful in evolution than 
group II (and group I) introns. 

The presence of more than one group II intron in tran- 
scripts from a single gene or an operon is quite common in 
both plastid and mitochondrial genomes. It will be inter- 
esting to determine how widespread interdependent intron 
splicing, sequential splicing and, perhaps, other moon- 
lighting functions of group II introns are. Unfortunately, 
in the absence of methods for the generation of plants with 
transformed mitochondrial genomes, stable transform- 
ation of the plastid genome is currently the only possible 
approach to study intron functions in vivo. This involves 
laborious and time-consuming procedures and thus poses 
severe restrictions on the systematic probing of group 
intron function. Preliminary bioinformatics analyses of 
other pairs of chloroplast introns suggest at least one 
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Figure 6. Chilling sensitivity of A intron 1 mutants due to increased susceptibility to PSI photoinhibition. Note loss of chlorophyll in developing 
leaves of the mutant. 
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Figure 7. Model of inhibited intron 2 splicing. The typical six-domain structure of group II introns is shown schematically (1,2,48) for the wild type 
(left) and the A intron 1 mutant (right). The sequence of the junction between exon 1 and exon 2 is shown in red and its possible base pairing with 
the £ bulge in domain I (DI) is indicated in the structure for the A intron 1 mutant. This base pairing would disrupt the essential tertiary interaction 
between t, and a GAAA tetraloop in domain V (DV). Exons 2 and 3 are shown in blue, the tertiary interaction between £ and is depicted in 
green. EBS: exon-binding site; IBS: intron-binding site. 



additional case that could be analogous to the sequential 
splicing of the two ycj'3 introns (Figure 7). The splicing of 
intron 2 in the clpP gene (encoding the proteolytic subunit 
of the Clp protease) could be inhibited by prior removal of 
intron 1 by a very similar aberrant secondary structural 
interaction with the sequence arising from ligation of 
exons 1 and 2 (Figure 7). Circumstantial evidence for 
splicing events occurring in a specific order has also been 
obtained for the nad5 mRNA in plant mitochondria (52). 
If rrara-splicing of exons c and d does not precede the 
£ra«s-splicing of exons b and c, extensive mis-splicing 
takes place that results in the production of aberrant 
RNAs. 

Taken together, our data provide an intriguing example 
of a group II intron that has a function besides its own 
removal by facilitating the splicing of another intron. This 
demonstrates that group II introns can have a selective 
value in that their loss can cause a decline in fitness. The 
acquisition of functions that go beyond their own excision 
may have contributed to the evolutionary maintenance of 
group II introns, because once an intron has adopted such 
an additional function, it cannot be lost again without 
entailing an immediate selective disadvantage. Such select- 
ive pressures may have been important, and currently 
underappreciated, forces not only in the preservation of 
group II introns, but also in the evolution of spliceosomal 
introns from group II intron progenitors (28). 
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